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Development of chloride channel modulators. Chloride channels are
ubiquitously distributed, biophysically varied and functionally diverse.
Despite the known contribution of chloride channels to the physiology of
various cell types and the pathology of several diseases, high affinity
ligands are not available to study these channels. Here we report the
iterative and integrated use of ion channel kinetic analysis and computa-
tional chemical methods in the development of high affinity blockers of the
outwardly rectifying chloride channel (ORCC). Kinetic analysis, with
emphasis on estimation of the block time constant as determined from
critical closed time plots, was used to guide the synthesis of new disulfonic
stilbene derivatives. Computational chemical methods were used to
deduce the important features of the disulfonic stilbene molecule neces-
sary for potent blockade of ORCC and ultimately led to the discovery of
the calixarenes. Para-sulfonated calixarenes were found to be potent
blockers of ORCC with subnanomolar inhibition constants and exception-
ally long block times.
One area of interest in our laboratory over the last several years
has been the development of high affinity ligands for chloride
channels. The ultimate goals of this line of investigation are to
develop probes that can be used to study the physiology, cell
biology, kinetics and biophysics of chloride channels. In addition,
our intent is to use these high affinity probes to purify chloride
channels by ligand affinity chromatography. Finally, it is our hope
that high affinity chloride channel ligands will be of potential
therapeutic value in several pathological conditions known to
involve chloride channels. One of the first questions one might ask
is, are chloride channels a reasonable molecular target for ligand
(drug) development? Based on the distribution, diversity, function
and pathology associated with chloride channels the answer to this
question must be a definite yes. Whole cell current and ion flux
measurements indicate all cell types have chloride channels in
their plasma membranes as well as in each of the subcellular
membrane organdies including the nuclear membrane, endoplas-
mic reticulum, Golgi apparatus, lysosomes, endosomes, and mi-
tochondria. In addition to their ubiquitous distribution, direct
single channel measurements have shown the existence of greater
than 75 different chloride channel types with diverse biophysical
properties [1, 2]. Only recently has it been recognized that in many
cell types chloride is not at its electrochemical equilibrium.
Therefore, as is the case for cations, potential energy in the form
of an electrochemical chloride gradient is available to the cell to
perform work. Chloride channels are the key transport proteins
involved in the dissipative utilization of the potential energy
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intrinsic to an electrochemical chloride gradient. Modulation in
chloride movement will thus have a significant influence on
electrically active cells including neurons and muscle cells. Indeed,
at least three neurotransmitters cause the opening of specific
ligand-gated chloride channels. Abnormal chloride permeability
in skeletal muscle is a known pathology of some forms of
myotonia, leaving little doubt that chloride channels also contrib-
ute to the normal function of skeletal and smooth muscle cells.
The contribution of chloride channels in fluid and electrolyte
absorption and secretion is also well documented in the physiol-
ogy of epithelia. Patients suffering from cystic fibrosis illustrate
dramatically the chronic consequences of too few open chloride
channels, while individuals afflicted with diarrhea demonstrate the
acute effects of too many open chloride channels. (See [3] and
other chapters of this volume for the potential role of chloride
channels in renal physiology.) Thus, chloride channels subserve a
wide variety of specific cellular functions. Potential experimental
and therapeutic applications of chloride channel modulators are
therefore expected to be numerous.
In stark contrast to cation channels, nature has provided few
high affinity ligands that modulate chloride channels. Perhaps also
for historical reasons cation channels have commanded greater
attention than have chloride channels. Thus the discovery and
synthesis of specific cation channel ligands over the last half
century has provided a significant pharmacological armamentar-
ium for the study of cation channels. Heralded by the intense
investigative interest in chloride channels in cystic fibrosis, there is
now a recognized need for specific high-affinity chloride channel
ligands. In this chapter we provide an overview of our efforts to
integrate and utilize electrophysiological measurements of ion
channel activity, kinetic evaluation of ligand ion channel interac-
tions and computational chemical appraisal of ligands toward the
development of potent chloride channel ligands. The discovery
and development of drugs that affect specific cation channels sets
a clear precedent for the successful development of chloride
channel modulators.
Ion channel kinetics
Electrophysiological methods enable one to observe a single ion
channel undergo transitions between two or more conformational
states (such as closed vs. open). In addition, analysis of the ion
channel kinetics allows one to quantify how long the channel
spends in each conformational state and how the different con-
formational states are kinetically connected. Furthermore, one
can add a ligand (such as a channel opener or blocker) and
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directly observe the change in ion channel behavior. A compari-
son of control channel kinetics with the ligand induced changes
allows one to determine which conformational state of the
channel the ligand interacts, the macroscopic (equilibrium) bind-
ing Constant (KD) and the microscopic on and off rate constants(k0 and k0ff) of a ligand-channel interaction. In the study of
protein-ligand interactions, the ability to observe and quantify
these parameters is unique to ion channels. For example, enzy-
mologists must perform their studies on many copies of the
enzyme (such as imols of enzyme), are seldom able to measure
the number of conformational states, or the length of time an
enzyme resides in a given state, must work significantly harder to
determine the ligand on and off rate constants, and must often
settle for estimates of just the equilibrium binding constant. Thus,
the electrophysiologist is provided with a much greater amount of
information about a ligand-channel interaction. This information
can be used to considerable advantage in understanding the
molecular mechanisms and the molecular pharmacology of the
ligand channel interactions and thus aid in the development of a
high affinity ligand.
We have learned that the ability to determine which conforma-
tional state, open or closed, a ligand binds and to estimate the on
and off rate constants of the ligand are especially powerful when
attempting to develop a high affinity ligand. The former is
important since, when constructing a quantitative structure activ-
ity relationship (QSAR) one wants to compare only those com-
pounds that bind to the same binding site and conformational
state of the channel. In the studies to be presented below, all of
the compounds were found to bind and block the open confor-
mation of the channel. The importance of estimating the on and
off rate constants is best illustrated by an example. In our studies
with a series of disulfonic stilbene derivatives, we observed their
half maximal inhibition constants (Ki's) for the inhibition in open
probability on the outwardly rectifying chloride channel (ORCC)
fell within a narrow range (1 to 3 ILM), Based on this information
one might conclude that the structural differences between these
derivatives were unimportant to ligand binding. However, upon
closer examination it was clear that there was nearly a 100-fold
difference in their off rates such that one derivative (DS-17), with
a Ki of 1 tM, remained bound for 196 ms (Tb k0ff1) while
another derivative (DS-20), also with a Ki of 1 LM, remained
bound for only 3 ms. The reason the Ki's of these two derivatives
were the same was that there were also proportional differences in
their on rates, k0. (Note for a simple bimolecular interaction Ki
= = k0ff k,,1.) Based on the comparison of the off rates it
was clear there were structural features of DS-17 that favored a
much longer-lived interaction with the channel once it became
bound. Computational chemical analysis allowed us to identify the
structural features of DS-17 that appeared to improve its off rate.
In this case it was clear the geometries of the different derivatives
made an important contribution to the off rate. These important
features were then incorporated into the next series of derivatives
to further optimize the affinity of the disulfonic stilbcnes for
ORCC.
The evaluation of channel blockers is expedited when the
baseline (control) channel open probability is high (such as > 0.9)
while conversely the study of channel openers requires the
channel have a low baseline open probability (such as < 0.1). If
the experimental conditions can be manipulated to achieve these
ideal baseline open probabilities, the effects of a ligand on channel
gating can be uniquely identified. Moreover, one can select a
derivative within a given class of compounds that causes a readily
quantified change in channel gating. The concentration depen-
dent effects of the ligand can then be evaluated to obtain a
mechanistic understanding of the channel ligand interaction.
Experience has taught us that when attempting to develop a
high affinity ligand the single most important parameter to
optimize is the duration of time the ligand remains bound, that is,
the dwell time or block time constant (Tb), Since in our case we
were attempting to develop high affinity blockers, we were seeking
ligands that once bound to the channel will cause it to enter a zero
conductance blocked state. Only after the blocker unbinds (dis-
sociates) does the channel return to a conductive state. Thus one
attempts to derivatize the ligand in some way to prolong Tb(that
is, reduce k0ff). Because more than 50 derivatives may be evalu-
ated, a quick and reliable means of estimating Tb is desirable. The
classical means of estimating Tb is to construct an events duration
histogram from a single channel record and attempt to fit the data
to one or more exponential functions in order to obtain time
constants, one of which will be 1'b' However, we have found this
method to be tedious and time consuming and have therefore
developed an alternative method, which is illustrated in Figure 1
and is referred to as a critical closed time (CCT) plot. One again
begins by obtaining an idealized events duration list from a single
channel record. The sum of all open events is then calculated and
divided by the sum of open events plus the sum of closed events
smaller than or equal to the critical closed time (CCT). This value
is then multiplied times 100 to yield an estimate of the percent
channel open probability (Po). The critical closed time is then
incrementally increased and the calculated Po is plotted versus the
CCT as shown in Figure 1. Visual inspection of the CCT plot
allows one to identify easily the duration of those events that most
dramatically influence the Po. The data can also be fitted to a
survival function (solid line) to obtain a quantitative estimate of Tb
(see appendix for function derivation). The plateau values of the
change in Po (that is, when CCT - Tb) at different blocker
concentrations can be used to construct a concentration versus
inhibition curve to estimate the blocker Ki. CCT plots from an
events duration list of several thousand events can be constructed
in only a few seconds. In addition, because the CCT-plot relies on
the cumulative change in Po versus closed time, it is robust. When
plotted on the same axis, the rank order in potency for a series of
derivatives can be discerned easily and one can ascertain quickly
whether the newly tested derivative has a higher or lower block
time. The utility of the CCT-plot is best illustrated by the
examples presented in the following paragraphs.
Patch-clamp studies on several epithelia suggested ORCC was
THE chloride channel responsible for transepithelial chloride
secretion [4—61. Moreover, when cells from normal and cystic
fibrosis (CF) patients were compared it appeared that the regu-
lation of ORCC was defective in CF cells [7—9]. Since we began
our studies before the CF gene was discovered, we selected
ORCC as our target channel for blocker development. Initial
studies [10] with disulfonic stilbenes (DS) revealed that this class
of compounds blocked ORCC when incorporated into planar
lipid bilayers (Fig. 2). DNDS (4,4'-dintrostilben-2,2'-disulfonic
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Fig. 1. Method used to construct a critical closed
time (CCT) plot. The upper trace is a small
portion of a current record of a chloride
channel in the presence of a blocker. Below the
current trace is the idealized record obtained by
single channel analysis at a threshold setting of
one-half the open channel amplitude. The
numbers above and below the idealized record
are the durations of each open and closed
(block) event in ms. The percent channel open
probability (P0) is then calculated for each
critical closed time (CCT). Po is then plotted
versus CCT as shown in Figures 3, 4 and 8.
Results are fitted to the function described in
the appendix to obtain estimates of the block
time constant (Tb).
Fig. 2. Current traces of chloride channel activity
before (control) and after the addition of DNDS
to the cis compartment at the indicated
concentrations. Channel activity was recorded a
—30 mV cis with a 300 (cis) to 50 mi (trans)
KCI gradient as described previously [10, 13,
141. Each current trace corresponds to 8 s of
recording. The records were filtered at 200 Hz
and acquired at 400 Hz.
acid) was more potent than NPPB (5-nitro-2-(3-phenylpro-
pylamine) benzoic acid) [11] or IAA-94 (2-[(2-cyclopentyl-6,7-
dichloro-2,3-dihydro-2-methyl-1-oxo-1H-inden-5-yl)oxo]acetic acid)
[12] and therefore the disulfonic stilbenes were selected as a lead
class of compounds for further derivatization [113]. Kinetic analysis
of DNDS blockade of ORCC revealed it acted as an open channel
blocker with a Ki of 3 jIM. Estimates obtained by event duration
analysis yielded a value of 19 ms for Tb in our initial studies [10]
and 8 ms in a subsequent study [14]. The shorter time of 8 ms was
confirmed by amplitude distribution analysis [14]. Shown in
Figure 3 is the CCT-plot of DNDS blockade of ORCC at three
DNDS concentrations. The estimate of Tbof 19 ms obtained from
the fitted CCT-plots is in good agreement with the previously
determined values.
Various disulfonic derivatives were then synthesized and tested
on ORCC. As shown in Figure 4, derivatives with considerably
longer Tb'S were identified. Indeed, disulfonic stilbene derivatives
which remained bound to the channel 10- to 200-fold longer than
Percent Open Time =
L( open events (ms)i- closed events (ms)CCT)]
e.g., if CCT = 100 ms then: n0 = 10 open events
= 4 closed events
x 100
CONTROL
DNDS cis
0.211M:uw,i
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DNDS were found. The best derivative in the disulfonic stilbene
class of compounds (DS-1OB) had a Tb of 4000 ms and a Ki of 300
nM. Not all the derivatives tested were better than DNDS.
Substitution of the 4,4' positions with groups less electron with-
drawing than the N02-group yielded compounds less potent than
DNDS. For example, the least potent disulfonic stilbene deriva-
tive DADS (4,4'-diaminostilben-2,2'-disulfonic acid) was found to
have a Ki of 1.28 m, 430-fold less potent than DNDS, and as
determined by amplitude distribution analysis, a Tb of only 0.04 ms
a value 200 to 400-fold shorter than the Tb of DNDS [10, 141. Thus
the 430-fold lower potency of DADS compared to DNDS was
largely accounted for by the difference in Tb. Moreover, if one
compares DADS, the least potent disulfonic stilbene derivative
with DS-1OB, the most potent disulfonic stilbene derivative, there
is a greater than 4000-fold difference in potency and the difference
in Tb more than accounts for the difference in potency (Figures 4
and 5).
Computational chemistry
There is a price the electrophysiologist must pay for the
abundance of information obtained by single ion channel meth-
ods, namely fewer substances can be evaluated than if one used a
lower resolution assay and settled for only the equilibrium binding
constants. To offset this disadvantage we have used computational
chemical methods to maximize our understanding of each com-
pound tested, an approach generally known as Computer Aided
Drug Design (CADD). The key goal in using computational
chemical methods is to obtain predictive information that pro-
vides insight into how to improve the affinity of a ligand and thus
reduce the number of compounds that must be synthesized and
tested. The algorithms for the quantitative analysis of small
organic compounds (that is, 500 to 1000 molecular wt) by molec-
ular orbital and molecular mechanics methods have been avail-
able for more than 25 years. During this period they have been
continuously refined and made substantially more robust and
reliable. For example, N.L. Allinger, the originator of the molec-
ular mechanics algorithms MM1, MM2 and MM3, has compared
the heats of formation of 400 small organic compounds deter-
mined experimentally with the values obtained computationally
[15]. The values of only two of the 400 compounds disagreed.
Furthermore, subsequent examination proved that the experi-
mental values of these two compounds had been incorrectly
reported, and when remeasured the experimental values agreed
with the computational values.
An aspect of computational chemistry that has changed dra-
matically in the last 5 to 10 years is the computer hardware. Only
ten years ago it would have taken 430 hours (18 days) on a
VAX-6000 to perform a semi-empirical analysis of a small com-
pound-like DNDS. With the newly available workstations such as
the Silicon Graphics Indigo2 Extreme, this time is reduced to less
than four hours. In addition, whereas in the past one was only
provided with a list of numbers (such as coordinates and energies)
by which to compare different compounds, the graphics hardware
now available provides a freely rotatable three dimensional image
00
100 -
80 -
60 -
40
20
0
100
80
60
0
ci
40
20
0
Critical closed time, milliseconds
Fig. 3. Critical closed time plot of DNDS blockade of ORCC. CCT-plot was
constructed as described in Figure 1 for the experiment shown in Figure 2.
Records of 378 s, 168 s and 172 s with 7,000, 4400, 2800 closed events at
1.2, 3.2 and 13 sM DNDS, respectively, were used to construct the
CCT-plots. Solid lines are the fits to Equation 6 given in the Appendix.
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Fig. 4. Critical closed time plot comparing blockade of ORCC by several
different disulfonic stilbene derivatives. Indicated is the Tb of DADS of 0.04
ms determined by amplitude distribution analysis [14] as well as the Tb of
TS-TM-calix [4]arene of 175 s. The current traces for DNDS blockade is
shown in Figure 2 arid for DS-1OB in Figure 5. Current traces for DS-17
are not shown. The 'Tb for DNDS is 19 ms, for DS-17 196 ms, and for
DS-1OB 4,000 ms. Symbols are: •, DNDS; U, DS-17; A, DS-1OB.
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of the compounds. In our experience the graphic information
provided by computational chemical software and hardware are
an ex emely powerful aid in developing a ligand. For example, it
is one thing to determine that the partial charge on the NO2-
groups of DNDS is —0.130 and on the NH2-groups of DADS is
+ 0.074, but it is infinitely more informative to see and compare
their electrostatic potential maps as shown in Figure 6A. In Figure
6A the left panel shows the van der Waals space filled models of
energy minimized conformations of DNDS (top) and DADS
(bottom). The right panel shows the electrostatic potential maps
of DNDS (top) and DADS (bottom), with the blue zones corre-
sponding to —1 kcal/mol and the red zones to + 1 kcal/mol energy
Fig. 5. Current traces of chloride channel activity
before (control), after the addition of 1 p.i DS-
lOB and subsequent to blocker removal
(washout). Conditions were as described in
Figure 2. Each current trace corresponds to 130
7lW49:OO seconds.
levels. Except for a small difference in the torsion angle between
the aromatic rings which causes DNDS to be a slightly flatter
molecule than DADS, the geometries of DNDS and DADS are
remarkably similar. In contrast, the electrostatic potential maps
clearly demonstrate the dramatic difference in charge distribution
at the 4,4'-poles. Even an electrophysiologist is easily led to the
conclusion that the higher potency of DNDS versus DADS
blockade of ORCC results from the partial negative charge at the
4,4'-poles [14]. Thus by comparing the three dimensional models
of the geometries, the electrostatic and the lipophilic potential
maps of various compounds one can quickly formulate new
hypotheses about how to further optimize the structures to
JJLJLJItLJ
M&TLJ
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Fig. 6. (A) Molecular models of DNDS and DADS. The left side of the Figure illustrates the van der Waals space-filled models of the energy minimized
conformations and the right side the isopotential electron contour maps of DNDS (top) and DADS (bottom). The energies of these conformations were
7keal for both molecules. Energy levels in the isopotential maps are blue, —1 kcal/mole and red, + 1 kcal/mole. (B) Ball and stick model of the energy
minimized DNDS molecule. Indicated are distances separating the 4,4'-nitro groups and the 2,2'-sulfonate groups. (C) Molecular overlap of the DNDS
(green) and TS-calix[4larene (red). Note the excellent overlap of the 4,4'-nitro groups of the DNDS molecule with the 1,3-sulfonates of the TS-calix
[4]arcne. DNDS was energy minimized using MOPAC and a least square fit was performed with the x-ray crystal coordinates of TS-calix[4]arene using
the FIT command in Sybyl. Fourteen atoms of DNDS and TS-calix[4]arene were matched with equal relative weights of one. The quality of fit was
computed for the matched atoms and a RMS value of 0.943 was obtained. Modelling was performed on a Silicon Graphics Indigo2 Extreme workstation
using Sybyl software (v 6.03 and 6.1).
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improve their potency. In addition, new compounds can be first
constructed on the computer, computationally analyzed and com-
pared with earlier compounds, and thereby provide important
insight into which new compounds should be synthesized and
tested. Although computationally intense, we have come to refer
to this graphic approach as qualitative structure activity studies.
The iterative and integrated use of the ion channel kinetic
analysis and the computational chemical methods described
above allowed us to deduce those features of the disulfonic
stilbene molecule important for potent blockade of ORCC. The
features that were concluded to be of paramount importance were
the presence of an electronegative charge at the 4,4'-poles as well
as the distance separating these electronegative regions of the
molecule (Fig. 6B). Because of chemical synthetic limitations we
were not able to further improve the disulfonic stilbene molecule
beyond the potency of DS-10B. However, a search of the chemical
data bases led to the discovery of a class of compounds, the
calixarenes, which incorporated the important features of the
disulfonic stilbenes. Calixarenes [16] are para-substituted phenols
conjugated by methylenes to form macrocyclic molecules with a
calix or basket shaped structure. Chemists have been decorating
the tops and bottoms of these molecular baskets as well as filling
them with different guest molecules to study their structures for
more than 15 years. Indeed the crystallographic structures of
many calixarenes have been solved and are known at high
resolution. The structural similarity between one of the para-
sulfonato calixarenes (p-tetra-sulfonato(TS)-calix[4]arene) and
DNDS is shown in Figure 6C. As can be seen, there is close
molecular overlap between the 4,4'-nitro groups and the 2,2'-
sulfonates of DNDS with the four sulfonates of the TS-calix
[4]arene molecule. Based on this comparison it was expected that
TS-calix[4]arene would be a potent blocker of ORCC, and as
shown in Figure 7, this was indeed the case. The Ki of TS-calix
[4]arene was 800 nrvi al CCT-plot analysis yielded a Tbof260 ms
(Fig. 8). Substitution of the four hydroxy groups of TS-calix
[4larene with four methoxy groups to obtain TS-TM-calix
[4]arene caused a profound conformational change in the calix-
arene molecule from a cone conformation to a 1,3, alternate
0
C
0
C Fig. 7. Current traces of chloride channel activity
before (control) and after the addition of TS-calir
[4]arene to the cis compartment at the indicated
concentrations. Conditions were as described in
Figure 2. Each current trace corresponds to 60
seconds of recording.
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Fig. 8. Critical closed time plot of TS-calixf4Jarene blockade of ORCC.
CCT-plot was constructed as described in Figure 1 for the experiment
shown in Figure 7. Records of 68 s, 128 s and 159 s with 307, 376 and 244
closed events at 300 nM, 600 flM and 1 ,l.LM TS-calix [4]arene were used to
construct the CCT plots. Solid lines arc the fit to Equation 6 given in the
Appendix.
Appendix
Derivation of the critical closed time plot based on the open-
blocked kinetic model
The equation describing the critical closed time plot can be obtained
from the expression used to construct the plot:
100 X (open events)
% Open 11)1W = (open events) + (closed events  CCT)
First, it is necessary to describe the summed closed events as an integral
function. Presuming that there is a single homogeneous population of
closed (blocked) events:
cci
I (closed events CCI) = f n11It (Eq. 2)
n represents the number of closed events having duration t. For a simple
open-blocked model, the closed events will be uniformly distributed
according to a single exponential decay function having a mean of Tb.
Therefore, n is the product of total number of blocked events (Nb) and the
normalized distribution function (that is, ket; k = i/Tb). Equation 2 can
thus be rewritten:
I (closedevents CCI) = T fle dt (Eq. 3)
Taking the integral and collecting the terms yields:
conformation [16]. However, most important was that this con-
formational switch yielded a molecule where the sulfonates were
separated by only 10.5 A. This subtle change in distance led to a
100-fold improvement in the Ki to a value of 600 M and
prolonged the Tb to a value of 175 seconds [17, 181.
To our knowledge TS-TM-calix[4]arene is the most potent
blocker of ORCC. Ten micromolar TS-TM-calix[4]arene did not,
to our surprise and disappointment, inhibit cyclic-AMP stimulated
chloride secretion across T84 monolayers, rat colonic mucosa or
mouse airway epithelial cells. Thus, based on this pharmacological
evidence, one is forced to conclude that ORCC does not contrib-
ute to transepithelial chloride secretion. Future studies using
TS-TM-calix[4larene should provide important insight into the
physiology, cell biology and biophysics of ORCC. The methods
outlined here may also be implemented for the development of
potent ion channel openers and blockers of CFTR, the newest
candidate secretory chloride channel.
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I (closed events  CCI) Nh(Tb — (t + Tb)e- (Eq. 4)
The summed open time is constant for the open-blocked model and can be
described as:
I (openevents) = N0; (Eq. 5)
For the sake of completeness, N0 is the number of open events and i- is
the mean. Substituting Equations 4 and 5 into Equation 1 and noting that
Nb N0 for the open-blocked model yields:
100 X T0
% Open Time = __________
Tb + Tb — (t + T5)eT0
(Eq. 6)
which is the equation describing the critical closed time plots. Equation 6
can provide estimates of ; and Tb from a CCT plot using a non-linear
curve fitting routine.
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